In acute lymphoblastic leukemia, besides age and white cell count at diagnosis, the cytogenetic abnormalities t(9;22)/BCR-ABL and t(4;11)/MLL-AF4 are important prognostic markers and are often included in the treatment stratification of patients with adult acute lymphoblastic leukemia. Deletions in 9p are seen in about 9% of cases of adult acute lymphoblastic leukemia, but their prognostic impact has been controversial. Cytogenetic data from 381 patients diagnosed with B-precursor acute lymphoblastic leukemia were reviewed. Chromosomal analysis was successful in 240 cases. Of these cases, 18 (8%) had abnormalities in 9p and they were compared with patients with normal karyotypes and patients with t(9;22)/BCR-ABL. Patients with abnormalities of chromosome 9 showed significantly shorter overall survival compared with patients with normal karyotypes. In fact, overall survival was similar to that in the poor prognosis t(9;22)/BCR-ABL-positive group. Our data suggest that chromosomal abnormalities involving 9p may have a significant negative impact on survival in adult B-precursor acute lymphoblastic leukemia.
Introduction
In acute lymphoblastic leukemia (ALL), several chromosomal aberrations with an impact on prognosis have been described, such as t(9;22), t(4;11), t(1;9), and hyperdiploid or hypodiploid karyotype. Besides t(9;22)(q34;q11)/BCR-ABL and t(4;11)(q21;q23)/MLL-AF4, an elevated white blood cell count, age over 40 and non-responders/slow responders to chemotherapy are commonly regarded as high risk criteria in ALL. 1 Twenty to thirty per cent of all adults with ALL have been found to have a normal karyotype. 2 The oncogene BCR-ABL occurs in approximately 3% of all cases of childhood ALL and in 25-30% of cases of adult ALL. Deletions in 9p are found in about 9% of cases of adult ALL. 4 The 9p21 region encodes the tumor suppressor genes p16INK4a, p14ARF and p15INK4b. Most studies of 9p anomalies and molecular analyses of p16INK4a, p14ARF and p15INK4b have been performed in connection with childhood ALL. The prognostic impact of deletions in 9p has been controversial. [2] [3] [4] Treatment of adult ALL is often adapted according to risk group (standard or high risk). Allogeneic bone marrow transplantation (BMT) has been included in the post-remission treatment of ALL subgroups with a high risk of relapse. 5, 6 Allogeneic BMT is considered to be superior to maintenance chemotherapy in BCR-ABL-positive ALL 7 and is often preferred in other high risk groups, but it is not usually a standard treatment in patients with del(9p). In this retrospective analysis of 381 adult B-precursor ALL patients, we show that abnormalities in chromosome 9 (-9p/-9) were present in 8% of the patients. We demonstrate that patients with abnormal 9p show significantly inferior overall survival (OS) when compared with those with normal karyotypes. Moreover, we show that there was no difference in OS between patients with t(9;22) and those with abnormal 9p.
Design and Methods

Patients
Adult patients diagnosed with B-precursor ALL in Sweden and reported to the Swedish Adult ALL Group in 1986-2000, and in addition those diagnosed at Karolinska University Hospital Huddinge in 2001-2006, were investigated. The study included a total of 381 patients aged 17-78 years. Diagnosis of B-precursor ALL was made according to French-American-British (FAB) and World Health Organization (WHO) classification when this was available. The majority of the patients were treated uniformly according to Swedish national protocols. Between 1986 and 1993, the national treatment protocol consisted of traditional ALL treatment adopted from the L-10 protocol. 8, 9 From 1994, the national treatment protocol consisted of an intensive chemotherapy regimen with high-dose cytarabine upfront. 10 One hundred and fifty-five (41%) patients underwent allogeneic stem cell transplantation either upfront, if the patient was considered to have a high risk leukemia (defined as t(9;22)/BCR-ABL, t(4;11), white blood cell count above 30×10 9 /L, CNS leukemia or late remission), or as salvage treatment in second complete remission (CR2) and beyond CR2.
Chromosomal analysis
Cytogenetic analyses were successful in 240 cases. In 87 patients the analysis was considered inadequate (no mitoses or fewer than 5 metaphases in the absence of an abnormal clone) and in 54 patients (14%) no analysis was performed. Thus, 240 (63%) out of 381 patients were eligible for this study. In 273 cases, reverse-transcription polymerase chain reactions (RTPCRs) or fluorescence in situ hybridization (FISH) analyses were carried out in order to detect the BCR-ABL fusion gene. Patients with five or more chromosome aberrations were considered to have a complex karyotype. High hyperdiploidy was defined as > 50 chromosomes.
Statistical analysis
Overall survival was defined as the time from diagnosis to death from any cause. It was estimated by the Kaplan-Meier method and differences between subtypes were tested using the log-rank test.
11 Prognostic factors for OS were evaluated by univariate and multivariate analyses and the Cox proportional hazard regression method. p values <0.05 were considered significant for all tests.
Results and Discussion
Patients' characteristics are listed in Table 1 . The mean age was 42 (range 17-81) years and 83 patients (35%) were below the age of 40. The most common aberration was t(9;22), which was found in 78 patients (33%). The mean age of this group was 44 years (19-78), of whom 35 (45%) were below the age of 40. Sixty-two per cent of all the patients with t(9;22) had undergone BMT, 4 of them in CR2 and all the others upfront. The mean time to transplantation was five months. Fifty-six patients had normal karyotypes and 17 of these (31%) had undergone BMT, 8 in first remission because of a high white blood cell count (n=7) or CNS (n=1) involvement. The mean time to transplantation was 15 months. High hyperdiploidy was found in 28 patients and 11 (40%) of these had undergone BMT.
In 18 patients, including 7 under 40 years of age, we found either del(9)(p21), -9 or translocations involving 9p (Table 1 ). Monosomy 9 was found in 3 cases, with the following karyotypes: 45,XX,-9, 43,XX,-2,-9,-14,t(9;22)(q34;q11) and 47,XY,+6,-9,+19. Translocations involving 9p were found in 2 cases, 46,XY, t(3;9)(p21;p22),t(9;22)(q34;q11) and 46XY,t(9;9)(p21; p23-24). In 3, including the 2 patients described above together with one additional patient, of these 18 patients the chromosomal analysis also revealed t(9;22). Six of these 18 patients (33%) had undergone transplantation, one upfront and 5 in CR2 or beyond. The mean time to transplantation was 23 months.
Of the common cytogenetic groups, inferior outcome was seen in the patients that had chromosome 9 aberrations. The 3-year overall survival rate in this group was only 13% (95% CI 0-30%), 20% (95% CI 0-40%) excluding patients with both t(9;22)/BCR-ABL and abnormal 9p. Only 2 of the 18 patients were still alive, one of whom had undergone BMT. Patients with t(9;22)/BCR-ABL had a similar outcome, with a 3-year OS rate of 22% (95% CI 12-31%). However, all but one of the 16 patients still alive had undergone BMT. None of the 3 patients with both t(9;22)/BCR-ABL and abnormal 9p are alive, they died after four, nine and 14 months. These 3 patients were excluded from further analyses regarding the 9p and t(9;22)/BCR-ABL groups.
Comparison of the group with abnormal 9p with those with normal karyotype showed a significantly shorter survival period among those with abnormal 9p (p<0.01, log-rank test, Figure 1A ). Excluding patients with translocation involving 9p21 (n=2) and cases with both t(9;22)/BCR-ABL and abnormal 9p (n=3), the difference was still significant (p=0.020). The median event free survival in patients with normal karyotype was 2.5 years, while in patients with abnormal 9p it was only six months, (p=0.0134). Patients with normal karyotype and who were not treated with BMT had a median OS of five years, but it was only five months in patients with abnormal 9, (p=0.023, Figure 1B) . Patients with t(9;22) had a significantly worse outcome compared with those with normal karyotype (p<0.01). A Cox proportional hazard model was used 
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to analyze the prognostic impact of chromosome 9 deletions and t(9;22)/BCR-ABL versus normal karyotype. In the first model, only the karyotype was analyzed and both chromosome 9 deletions and t(9;22)/BCR-ABL were found to be significant negative predictors as regards OS. In the multivariate analysis, age, sex and white blood cell count were analyzed together with karyotype. Age over 40 years, t(9;22)/BCR-ABL and chromosome 9 deletions were identified as independent high risk factors ( Table 2 ).
Considering that cytogenetic abnormalities are among the most important factors in predicting outcome, we analyzed a large series of patients with adult B-precursor ALL. We found that cytogenetic abnormalities involving chromosome arm 9p in adult B-precursor ALL define a group of patients with a remarkably short survival period after conventional treatment. The prevalence of abnormal 9p in this cohort of patients (8%) is similar to that in previous reports about chromosome 9p abnormalities in precursor B-cell ALL. These abnormalities are more frequent than in T-cell ALL. 12 The frequency of t(9;22), which defined a cytogenetic-molecular group with unfavorable outcome, was 33%, and our data are consistent with those reported by several groups in terms of poor outcome. Complex karyotype was associated with dismal prognosis, even though no further statistical analyses were performed owing to the low number of patients in this group. This result is in agreement with that previously reported by Moorman et al. 12 Deletions in 9p have previously been regarded as representing an adverse risk factor in B-lineage, but not in T-cell ALL. Deletions in 9p21 have been studied in childhood ALL. 13, 14 This locus encodes, among others, the p14ARF protein, 15, 16 which binds to and inactivates HDM-2, which in turn targets p53 for degradation (the ARF-HDM2-P53 pathway). Thus, deletions in 9p21 result in inhibition of p53 protein. 17, 18 Deletions/mutations of p53 protein are rare in ALL; the frequency of 17p deletions was 2% in our material. The protein encoded by p16INK4a activates the retinoblastoma tumor suppressor gene product, pRb. The protein encoded by p15INK4b is another tumor suppressor. It converts a hyperphosphorylated form of Rb protein into a hypophosphorylated form. Deletion of p16INK4a and p15INK4b occurs in almost all cases of childhood T-cell ALL and it might be associated with a favorable outcome in adult T-ALL. 19 The p53 protein and pRb are among the most important tumor suppressors involved in tumor progression and drug resistance. 20, 21 In a recent study by Moorman et al. 12 del(9p) was indicated as being a good (but not an independent) prognostic marker of good prognosis in 71 (9%) patients in a population of patients aged between 15-65 years, with a mean age of 29 years. Sixteen (23%) of these patients had T-cell ALL. The number of patients with del(9p) who had undergone BMT was not defined. Similar results were reported by Mancini et al. among patients with del(9p)/p15-p16. 2 In contrast, Heerema et al. 4 reported that 9p aberrations were adverse risk factors in B-lineage ALL in a large pediatric study.
Patients with abnormal chromosome 9p in this study showed poor overall survival, with a mean survival period of only 13 months. When comparing this group with patients with normal karyotype, we found a highly significant difference. Abnormalities in 9p were found to represent an independent high risk factor and there was a similar unfavorable prognosis as regards t(9;22)/BCR-ABL. There are differences in patient populations between studies that may have had an impact on the overall results. We analyzed a pure B-precursor ALL population of adult patients with a high mean age (42 years, range 17-81), of whom only one had undergone BMT upfront.
In conclusion, in this study, abnormalities in chromosome arm 9p were identified as being adverse risk factors in B-precursor ALL. Owing to the divergent data regarding the prognostic impact of abnormalities in 9p, additional studies are warranted as regards both the relationship to immunophenotype and the role of intensified treatment by means of BMT. The challenge in future trials regarding del(9p) will also be to further extend the number of cytogenetic-molecular analysis techniques, such as RT-PCR and FISH.
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